back diffusion models and it was found that the diffusion rate in the samples was higher than expected from the theory. A suggested explanation was that this was an effect of the formation of lattice defects during the solidification process. The coarsening process that occurs during the further cooling of the samples is proved to be by the mechanism of back diffusion i.e. the smaller secondary dendrite arms grow together with the thicker ones into a plate.
INTRODUCTION
An increasing operating temperature is a major requirement for improved performance and efficiency of a gas turbine. This made a development of materials with strength and resistance at high temperatures like 
EXPERIMENTAL TECHNIQUE

Alloy composition
The alloy materials investigated were taken from commercial welding rods. Measured compositions of the main elements are shown in Table 1 .
Directional solidification (DS)
One of the most powerful techniques for solidification investigations of complex alloys is that of unidirectional solidification. The DS technique aims at an accurate and ideally independent control of the two fundamental parameters controlling the solidification structure, the temperature gradient, G, and the growth rate, V.
The method used in the present work is a derivative of the Bridgman-Stockbager crystal growth technique /9/. A description of the process and setup is made by
Fredriksson /10/ while a schematic representation of the process is shown in Fig.l .
The molten sample is removed at a controlled
On the Dendritic Growth and Microsegregation in Ni-Base Superalloys ln718, In625, and In939 withdrawal rate ν from the furnace, with the latter maintained at constant temperature. Unidirectional solidification at a growth rate V is achieved through the upward solidification of the metal in the crucible (a thin walled alumina tub). Note, ν indicates the extraction (or withdrawal) rate, whereas V is the growth rate of the solidifying metal in the crucible. V and ν are generally not the same, although under certain conditions they are practically the same. Throughout all reported work and in this present work, the experimental conditions will be described in terms of the extraction rate ν that is the externally imposed known process parameter.
The furnacc consists of a cylindrical high-density graphite susceptor, which is heated by a high frequency induction (HF) device, providing currents from zero up to five Ampere at 250 kHz. At this high frequency, the I V A rapid quenching of the alumina tube, through free fall into brine, normally interrupts the solidification process. This is done by a pneumatic switch that during withdrawal automatically unlocks the alumina tube at a pre-determined position.
To measure the thermal profile along the furnace axis a type-S thermocouple was inserted in the same type of alumina tube crucible as used for DSQ samples. originating from an excessive curvature of the solidification front, i.e. a radial thermal gradient, was found and they were thus not considered suitable for further analysis.
Differential thermal analysis
Differential thermal analysis is a well-established For all three alloys, the material was machined to obtain the correct dimension to be put into the crucibles.
The crucibles were of pure alumina, 12-10" 3 m in height 
Metallographic preparation
Standard metallographic preparation by moulding, grinding and polishing was done individually for each sample.
IN718:
Electro-etching with a solution of 100 ml water, 10 mg oxalic acid and 5-6 V (sample as anode) was used as a preparation for optical examination. As an Figure 4 shows the typical quenched microstructure of a DSQ sample. The lower light massive parts represent the regions that were already solid prior to quenching. The areas in between represent the regions which were liquid, and that solidified by quenching. The very fine dendritic structure accounts for an extremely high cooling rate during quenching, of the order of 10 2 K/s. During the following discussion, these two quenched micro-structures will be referred to as the solid phase (solid prior to quenching) and the liquid phase (solidified by quenching).
EXPERIMENTAL RESULTS
Reaction temperatures
From knowledge of the temperature gradient along the mushy region and the liquidus temperature of the alloys, temperatures at which the observed events occurred can be deduced from their distance from the solidification front. The temperature gradient in the samples was estimated to be the one presented in Fig.2 or equal to ~2 K/mm (210 3 K/m) at solidification. This estimation of the temperature gradient was also later confirmed by DTA-measurements.
The DTA experiments were carried out in order to get some more accurate reaction temperatures. The complete measurements are presented in the second part of this work /8/, while a summary of the results are presented in Table 2 . The measured values in Table 2 agree well with those presented in literature /16-25/. 
Volume fraction of solid
The volume fraction of solid at any stage in the solidification process of the three superalloys will be On the Dendritic Growth and Microsegregation in Ni-Base Superalloys ln718, !n625, and ln939
presented and discussed below. The complexity of the dendrite morphology renders a 3D reconstruction method probably to be the only one to guarantee a true evolution of the solid fraction. However, in the present work the fraction of solid was estimated from 2D images reducing the method to one of area fraction measurements. The whole procedure is described in the paper /8/.
The results given for IN718 are shown in Fig.5 . The fractions of liquid as function of the distance from the solidification front are shown at different extraction rates.
In all three curves a change in the slope at the position around 15-20· ΙΟ" 1 m and around 20-2510" 3 m is observed. This corresponds to the primary precipitation of solid (Liquidus) and the eutectic precipitation of carbides (γ/NbC reaction). It also appears that there is a slight growth rate dependence on the solid fraction. The higher the extraction (i.e. solidification) rate ν is, the larger fraction of solid is formed at the beginning of the solidification process.
The results given for IN625 are shown in Fig. 6 . In addition, two features can be observed. The primary precipitation of solid (liquidus) at the position around 10· 10" 3 m and somewhat more difficult to note than in the case of IN718, a change in the slope in the curves close to the end of solidification around 30-35 10" 3 m, corresponding to the precipitation of NbC-eutectics (γ/NbC reaction). Further, it is to be noted that the volume fractions of liquid at the start of the eutectic reaction (γ/NbC reaction) are much lower than those obtained on IN718. There is also in this case a tendency that the fraction of solid is somewhat larger at higher cooling rates than at lower ones at the beginning of the solidification.
The results given for IN939 are shown in Fig. 7 . It can be observed that the inflections of the slope of the curve occur around 510' 3 m and 10-15-10" 3 m from the front. The first one corresponds to the primary precipitation of solid (Liquidus) and the second one to the eutectic reaction giving TiC carbides (γ/NbC reaction).
Dendrite arm spacing (DAS)
A correct estimation of the secondary dendrite arm 
where: d is the dendrite stem diameter, and L the length of the stem.
The correction coefficient was used to correlate the λ™,, to the Kd value. Vol. 24, No. 4, 2005 On the Dendritic Growth and Microsegregation in Ni-Base Superalloys In718. In625. and In939 fitting parameters.
The cooling rate will in our case be the extraction velocity times the thermal gradient. The gradient in the region was estimated from the thermal profile in Figure   2 , to be ~ 210 3 K/m. By using this value together with the known extraction rate and the corresponding measured DAS value, the fitting parameters A and n, were evaluated. In Table 3 , some reported values 126-27/ and the present work ones are shown. Reasonably good correspondences are found between the different data.
Microprobe analysis
Samples from the alloys IN718 and IN939
(extraction rate ν=100·10· Table 4 Microprobe (EDS) analysis protocol for IN718 and 1N939. done at the positions described in Table 4 .
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The data for the Nb concentration in the solid, i.e.
the values for the dendrite steam core, as function of the distance from the solidification front and the volume fraction of solid arc also presented in Table 5 .
The data for the Nb concentration in the dendrite steam core in Table 5 and the core profile in Fig. 15 show that the concentration of Nb in the dendrite core is Table 4 .
The data for the Ti concentration in the solid, i.e. the Α. Formend et ul.
High Temperature Materials and Processes
Fraction solid
0,8
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• f 801=0,74 *W=0,92 
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The same trend observed in 1N718 is encountered.
The data for the Ti concentration in the dendrite steam core in Table 6 and the core profile in Figure 17 show 
Dendrite arm coarsening
It is well verified, since the early work by Papapetrou /32/ that a coarsening process occurs when the melt between the dendrites arms solidifies. This coarsening process of the secondary dendrite arms occurs with the aid of two simultaneous mechanisms, remelting and back-diffusion.
The remelting process is a matter of mass transport.
Diffusion of the alloying element from thinner into neighbouring thicker dendrite arms leads to a coarsening of the thicker ones at the expense of the thinner arms that disappear. There are several different mechanisms proposed for this process in the literature /33-36/. This coarsening process is normally explained in terms of a classical ripening process, where the thinner arms are dissolved due to the higher free energy related to the surface tension. However, this explanation looks very unlikely in this case and another explanation could be that the number of lattice defects is not the same for the two different dendrite arms. Thereby there is a difference in free energy between the arms, resulting in a growth of the arms with a lower energy and a shrinking process of those arms with a higher free energy.
There is also the normal coalescence process where the dendrite arms grow together by the effect of backdiffusion of alloying elements into the dendrite arms resulting in the liquid between the arms solidifying and the arms growing together. The latter case is illustrated in the lower part of the micrograph in Figure 8 . This back-diffusion enhances the solidification process as the system tries to achieve equilibrium, it is said to "consume" the melt /37,38/. The back-diffusion occurs in both the primary and the secondary dendrite arms, thus much faster in the secondary arms than in the primary ones because of the shorter diffusion distances between the adjacent arms. It also occurs much faster for the smaller and thinner secondary arms than for the thicker and larger ones, which results in a coalescence process where the smaller dendrite arms grow together with the thicker ones into a plate.
The rate of the coarsening process gets faster with increasing solidification rate. The observation presented in Figure 8 shows that back-diffusion seems to be the dominating coalescence process for secondary dendrite arms in Ni-base alloys.
CONCLUSIONS
Microsegregation and back-diffusion of Nb and Ti in the primary solidified γ-phase were measured in the superalloys IN718 and IN939, and it was found that neither the Lever rule nor the Scheil model could accurately describe the partitioning of the elements in these complex systems. A suggested explanation is based on an increase of the diffusion coefficient due to the formation of a large number of lattice defects at the initial part of the solidification process.
The dendrite arm spacings in these alloys were measured at a given combination of temperature gradient and growth rate and were shown to conform to earlier reported data for nickel-base superalloys. The coarsening process that occurred during the further cooling of the sample was proved to be by the mechanism of back-diffusion from the melt in-between the dendrite arms, i.e. the smaller secondary dendrite arms grow together with the thicker ones into a plate.
